Amycolatopsis mediterranei U32 is an important industrial strain for the production of rifamycin SV. Rifampicin, a derivative of rifamycin SV, is commonly used to treat mycobacterial infections. Although phosphate has long been known to affect rifamycin biosynthesis, phosphate transport, metabolism, and regulation are poorly understood in A. mediterranei. In this study, the functional phosphate transport system pstSCAB was isolated by RNA sequencing and inactivated by insertion mutation in A. mediterranei U32. The mycelium morphology changed from a filamentous shape in the wild-type and pstS1+ strains to irregular swollen shape at the end of filamentous in the ΔpstS1 strain. RT-PCR assay revealed that pstSCAB genes are co-transcribed as a polycistronic messenger. The pstSCAB transcription was significantly activated by nitrate supplementation and positively regulated by GlnR which is a global regulator of nitrogen metabolism in actinomycetes. At the same time, the yield of rifamycin SV decreased after mutation (ΔpstS1) compared with wild-type U32, which indicated a strong connection among phosphate metabolism, nitrogen metabolism, and rifamycin production in actinomycetes.
Introduction
Phosphorus participates in almost all physiological and biochemical processes [1, 2] . In microorganisms, two major systems exist to transport inorganic phosphate (Pi) from the environment: the low-affinity inorganic phosphate transport (Pit) system and the high-affinity phosphatespecific transport (Pst) system [3] . When environmental phosphate is plentiful, the proton motive-dependent system Pit is the main system of phosphate transport; otherwise, Pst is the dominant system [4] . Normally, biologically available phosphate is present at the micromolar level; however, soil microorganisms often live under phosphate-limited conditions [5, 6] and thus mainly use the Pst system for phosphate metabolism. The Pst system, which is highly conserved among actinomycetes [7, 8] , is usually composed of one Pi-binding protein (PstS), two integral inner-membrane channel proteins (PstA and PstC), and an ATP-binding protein (PstB). These components are encoded together forming polycistronic pstSCAB, which was modulated by PhoU [9, 10] .
The regulation of phosphate metabolism has been intensively studied in some model bacteria. In many Gram-negative bacteria, phoB regulates the expressions of genes that respond to exogenous phosphorus concentrations. In Escherichia coli, the PhoR-PhoB two-component system (TCS) is responsible for the activation of phosphate assimilation-related genes under phosphate-starved conditions [11, 12] . After the self-phosphorylation of the histidine kinase PhoR, the phosphate group is transferred to the cognate response regulator PhoB, which then induces the transcription of at least 38 genes, including the pstSCAB-phoU operon [11] [12] [13] [14] . Similarly, in Bacillus subtilis and Streptomyces, the cellular response to phosphorus-limited environments depends on the PhoP-PhoR TCS, which activates the Pho regulon to help the bacteria deal with environmental phosphate stress [15, 16] .
Phosphate metabolism has been shown to be closely related to carbon and nitrogen metabolism and affect secondary metabolism [17, 18] . Despite the importance of phosphate metabolism, particularly in industrial applications, its regulation has not been well characterized in actinomycetes. To date, the Pst system has only been studied in a small number of species, including Streptomyces coelicolor and Corynebacterium glutamicum.
The deletion of pstS genes in Streptomyces lividans and S. coelicolor impairs phosphate transport, phosphate uptake kinetics, and morphogenesis. PstS protein is linked to the outside of the membrane or released in the supernatant in actinomycetes rather than as a membrane protein, as in E. coli [19] . In S. coelicolor, the global regulator AfsR was found to repress pstS transcription [20, 21] . In contrast, more than one regulator (i.e. the TCS PhoS-PhoR, GlxR, and RamB) are responsible for the transcriptional regulation of pstSCAB in C. glutamicum [22, 23] . However, little is known about phosphate metabolism in A. mediterranei, and the rifamycin SV production.
Nitrogen and phosphate control microbial growth through interconnected networks in many actinomycetes. Nitrogen metabolism is governed by the OmpR family regulator GlnR, a global regulator that regulates most nitrogen metabolism-associated genes [24, 25] . In contrast, the control of metabolism by phosphate is mediated by the TCS PhoR-PhoP [18, 20, 21, 26, 27] . Interestingly, in Streptomyces, genes related to nitrogen assimilation (e.g. amtB and glnA) are regulated by PhoP in addition to GlnR through competition for binding to the same promoter region [18, 20, 26, 27] . The results showed that the PhoP regulates nitrogen metabolism genes and maintains balance of nitrogen and phosphorus metabolism in organisms.
In this study, we first isolated and identified the gene cluster pstSCAB, functional genes involved in phosphate transport from the entire genome of A. mediterranei. Considering the similarity between the regulation modes of nitrogen metabolism in Streptomyces and A. mediterranei, we hypothesized that GlnR may regulate the transcription of genes related to phosphate metabolism in A. mediterranei. The results of this study demonstrate that phosphate transport can be directly activated by GlnR under nitrogen-limited conditions. At the same time, the yield of rifamycin SV was reduced in the mutant (ΔpstS1) compared with in the wild-type U32, indicating a strong connection among phosphate metabolism, nitrogen metabolism, and rifamycin production in actinomycetes.
Materials and Methods
Bacterial strains, media, and primers A. mediterranei U32, pstS1 null mutant ΔpstS1, complementation pstS1+, glnR null mutant Rk [28] , and glnR complementation Rk+ (glnR+) [28] were cultivated on Bennet medium or Minimal medium with supplemental inorganic phosphorus at 30°C [28] [29] [30] . Micrococcus luteus and E. coli strains DH5α and BL21(DE3) (Novagen, Darmstadt, Germany) were grown in LB medium. When needed, aparamycin (50 μg/ml), ampicillin (100 μg/ml), and erythromycin (200 μg/ml) were added into the media. The primers used in this study are listed in Table 1 .
Construction of pstS1 null mutant and complementation strain
To construct the pstS1 (AMED_9006)-knockout plasmid, an apramycin resistance cassette (apr) was excised from plasmid pBCAm with BamHI and then inserted into the BglII site in pL38 (Laboratory of Synthetic Biology, Shanghai, China) [28] , which contained the pstS1 gene, thus generating plasmid pKL4. The treatment of U32 competent cells and subsequent electroporation were carried out as previously described [31] . Briefly, pKL4 was denatured by heating at 98°C for 10 min followed by chilling on ice for 10 min. The denatured plasmid pKL4 was then transformed into U32 competent cells via electroporation, and transformants were selected on Bennet agar supplemented with apramycin. The transformants were verified with primers F3 and A3 ( Table 1) . PCR products were purified and sequenced to ensure that the pstS1 gene was inactivated by the insertion of the apr gene. The verified pstS1 null mutant was designated as ΔpstS1.
An 8.7-kb KpnI-digested fragment containing genes from AMED_8999 to AMED_9007 was cloned into pBluescript KS (Miaolingbio, Wuhan, China) generating plasmid pKSK. To construct the pstS1 complementation plasmid, pKSK was digested with KpnI and SalI. The 1.83-kb fragment containing pstS1 gene with its native promoter was treated with Klenow (NEB, Ipswich, USA) and then introduced into the KpnI and EcoRV sites in plasmid pULVK2A [32] , obtaining plasmid pVK1.9S [24, 28, 31, 33] . The erythromycin resistance cassette was then excised from pUC19E (Laboratory of Synthetic Biology) with KpnI and inserted into the KpnI site in pVK1.9S to generate pVK1.9SEr, which was used as the complementation plasmid for pstS1 null mutant (strain ΔpstS1). 
.9SEr was transformed into strain ΔpstS1 by electroporation, and the transformants (pstS1+) were selected on Bennet medium with erythromycin. Plasmid pDXM4 (Laboratory of Synthetic Biology), which was constructed by inserting the erythromycin resistance cassette into plasmid pULVK2A, was also transformed into ΔpstS1, and the verified transformants were employed as the control.
Scanning electron microscopy
Strains of U32, ΔpstS1, and pstS1+ were grown on fresh Bennet agar. After incubation for 3-5 days, sterile coverslips were inserted into the agar to allow mycelium growth. After 2-4 days, coverslips were harvested as cell-climbing coverslips. These climbing coverslips were washed three times with 0.01 M phosphate-buffered saline (PBS, pH 6.8) and then fixed with 2.5% glutaraldehyde in PBS for at least 4 h. The fixed climbing coverslips were cut into small pieces with lengths of 1.0 cm and widths of 0.6 cm. Subsequently, the samples were dehydrated and dried as previously described [34, 35] . The morphologies of the resulting specimens were observed by scanning electron microscopy (SEM) (JEOL, Tokyo, Japan).
Mycelium observation and nuclear staining
Cell-climbing coverslips were harvested as described above and fixed with 4% freshly prepared paraformaldehyde and 0.1% Triton X-100 in 10 mM KH 2 PO 4 (pH 6.8) for 10 min. The coverslips were then washed twice with PBS and stained for 15 min in 1 μg/ml solution of 4,6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, USA), a nuclei-staining agent (358 nm excitation wavelength, 461 nm emission wavelength). The stained coverslips were then washed twice with PBS and mounted in fluorescence antifading reagent (Beyotime, Haimen, China). The treated coverslips of U32, ΔpstS1, and pstS1+ were observed by Olympus FV1000 confocal fluorescence microscopy (Olympus, Tokyo, Japan), following the procedures detailed in references [36] .
Pro-Q diamond phosphoprotein gel staining U32 and ΔpstS1 strains were individually cultivated for 48 h in Bennet liquid medium to reach the stationary phase. Five milliliters of each culture were then centrifuged at 5000 g for 10 min, followed by the addition of 1 ml of protein lysate buffer (0.1 mM Tris-HCl, pH 7.5) and ultrasonication with the following parameters: power = 180 W; working time = 3 s; interval time = 3 s; and total time = 7 min. The cell lysates were then centrifuged at 8000 g for 15 min to remove precipitates, and the protein concentration of the supernatant was determined using the Bradford method [37] . The same amount of protein was taken from each sample and stained following the protocols of the Pro-Q Diamond Phosphoprotein Gel Stain Kit (Invitrogen, Carlsbad, USA). Gels were scanned with Fujifilm FLA 9000 plus DAGE (Fujifilm, Tokyo, Japan) at excitation wavelength of 532-560 nm and emission wavelength of 580-600 nm. The results were compared with Coomassie brilliant blue staining as control.
Measurement of rifamycin SV production in U32, ΔpstS1, and pstS1+
A. mediterranei strains were first cultured at 30°C in Bennet medium with or without 60 mM potassium nitrate. After 4-5 days of incubation, U32, ΔpstS1, and pstS1+ were subject to nitratestimulating effect assay. Bioassay inhibition zones in agar diffusion were used to quantify the titer of rifamycin SV using M. luteus as the indicator microorganism [38] . The determination of rifamycin SV production in liquid fermentation was performed as previously described [39] .
Reverse transcription PCR and real-time PCR
A. mediterranei strains were first cultured at 30°C in Bennet medium with or without 60 mM potassium nitrate. After 72 h of incubation, bacterial mycelium was collected by centrifugation at 5000 g in 4°C. The extraction of total RNA, removal of DNA contaminants, reverse transcription PCR, and real-time PCR were performed according to previously reported procedures [40] . Superscript III Reverse Transcriptase (Invitrogen) was employed for cDNA synthesis with 6-bp random primers and 2 μg RNA. A 100-ng cDNA mixture was used as the template for real-time PCR cycling. Real-time PCR (qPCR) assay was carried out using TaKaRa SYBR Premix EX Taq (TaKaRa, Tokyo, Japan) according to the manufacturer's instructions. At least three independent samples were tested. The transcription level of each tested gene was expressed as the mean ± standard deviation (SD) using the transcription of the rpoB gene as an internal control. Primers used here are listed in Table 1 .
Verification of co-transcription of gene clusters
PCR was performed using cDNA and RNA as templates, and RNA was used as a negative control. As shown in Table 1 , following primer pairs are used for co-transcription PCR or corresponding gene clusters, respectively: PstSC-F/PstSC-R, PstCA-F/PstCA-R, and PstAB-F/PstAB-F. The resulting PCR product of cDNA template contains adjacent gene segments, illustrating co-transcription of adjacent genes.
Electrophoretic mobility shift assay
His-tagged A. mediterranei GlnR (AMED_9008) was purified as previously described [41] . The promoter and coding regions of pstS1 in U32 were PCR-amplified using high-fidelity Dpx DNA polymerase (Tolo Biotech., Shanghai, China) and cloned into pUC18B-T (Tolo Biotech.) using the primers Opsts-F1 and Opsts-F2 ( Table 1) . After verification by DNA sequencing, the plasmids were then used as templates for probe preparation with universal primers M13F-47 (labeled with 6-carboxyfluorescein) and M13R-48. The PCR products were purified with Wizard SV gel (Promega, Madison, USA). The products were quantified using a NanoDrop 2000C spectrophotometer (ThermoFisher Scientific, Waltham, USA). Electrophoretic mobility shift assay (EMSA) was performed following the procedure reported in reference [42] . The binding buffer contained 50 mM Tris-HCl (pH 8.0), 100 mM KCl, 2.5 mM MgCl 2 , 1 mM dithiothreitol, and 10% glycerol. To prevent nonspecific binding, a final concentration of 25 ng/μl salmon sperm DNA was used. The gels were scanned using an Image Quant LAS 4000 mini imaging system (GE Healthcare, Boston, USA).
Statistical analysis
Data were represented as the mean ± SD of three independent experiments and analyzed by Student's t-test. P-value of <0.05 indicated a significant difference between the two groups of data.
Results
The pstSCAB gene cluster plays a major role in bacterial logarithmic phase metabolism
The genome of A. mediterranei U32 contains three copies of gene clusters pst, which are as ABC transport systems similar to Pst. These gene clusters are thought to encode Pst systems (Pst1, Pst2, and Pst3). The Pst2 gene cluster consists of three genes (pstSAC: AMED_5662, AMED_5663, and AMED_5664), as does the Pst3 gene cluster (pstSBAC: AMED_7365, AMED_7364, AMED_7363, and AMED_7362). In contrast, the Pst1 is an intact cluster which includes four genes (pstSCAB: AMED_9006, AMED_9005, AMED_9004, and AMED_9003). Pst1 cluster pstSCAB locates at the downstream of global nitrogen regulator glnR (glnR coded by AMED_9008) (http://www.kegg.jp/).
Although the genome of A. mediterranei U32 contains three pst gene clusters, the RNA sequencing data (NCBI accession No. GSE63313) indicate that only the intact cluster of pstSCAB (AMED_9003 to AMED_9006) retains a high transcription level in Bennet medium with or without potassium nitrate throughout the culture time (either 24 h representing the early-logarithmic phase or 48 h representing the mid-logarithmic phase) ( Table 2 ). In contrast, the transcription levels of the other two gene clusters (AMED_5662 to AMED_5664 and AMED_7362 to AMED_7365) were extremely low ( Table 2 ). These data indicated that the pstSCAB cluster is the primary functional pst cluster in U32 strain.
Knockout of pstS1 impairs chromosome segregation
To investigate the physiological function of pstSCAB in U32, we further knocked out pstS1 (AMED_9006), the first gene in the cluster, to obtain the pstS1 null mutant ΔpstS1. When cultured in liquid medium, some differences were observed among the wild-type U32, ΔpstS1, and pstS1 complementation strain (pstS1+) (Fig. 1A) . The ΔpstS1 strain grew slower than U32 and pstS1+ in the earlylogarithmic stages. At 24, 36, and 48 h, P-values were all between 0.01 and 0.001, indicating that the difference in growth between strains was significant (Fig. 1A,B) ; however, in later stages, the biomass of the ΔpstS1 strain caught up with and surpassed that of wild-type U32. This may be due to the inhibition of antibiotics produced by the strain itself. The phenotype of pstS1+ is intermediate between those of U32 and ΔpstS1 in the early-logarithmic phase. SEM was employed to observe the mycelium of the three A. mediterranei strains (Fig. 1C) . The DAPI staining results indicated that chromosome segregation was slightly impaired in ΔpstS1 compared with those in the wild-type and pstS1+ strains, in which obvious irregular was observed (Fig. 1D) . The results are in agreement with a previous report in which mutant pstS1 triggered a genetic switch toward morphogenesis [19] .
PstS1 affects cellular total protein phosphorylation in the logarithmic stage
To determine if the pstS1 mutation affects the phosphorylation of intracellular proteins, we evaluated the phosphorylation levels of proteins in ΔpstS1 using the wild type as the control. Two experimental time points (24 and 48 h) were chosen to represent the earlylogarithmic and mid-logarithmic stages (Fig. 1A) , respectively. The total protein phosphorylation level was clearly lower in ΔpstS1 than in its parental wild-type U32 (Fig. 2) . Figure 2A shows the phosphorylation of total proteins and Fig. 2B shows Coomassie brilliant blue staining. This indicates that knockout of pstS1 gene reduces phosphorylation of total protein in vivo, which might affect both chromosome segregation and shape of the bacterial mycelium.
The pstSCAB genes form an operon
To determine if the genes in the pstSCAB cluster are co-transcribed, the transcription of the four genes was analyzed by RT-PCR using primers that amplify across two adjacent genes (i.e. pstSC, pstCA, and pstAB; Fig. 3A,B) . The RT-PCR results demonstrated that the pstSCAB genes are co-transcribed as a polycistronic messenger, forming the pst operon in U32 (Fig. 3A) . This finding is consistent with what was reported in other species, including E. coli [43] and B. subtilis [44] .
The transcription of pst is regulated by GlnR in response to extracellular nitrogen
The RNA sequencing data were further used to analyze the differential expression of the pst operon in U32 cultured in Bennet medium with or without 60 mM potassium nitrate. The transcriptional signal of pst was increased in culture Bennet medium supplemented with potassium nitrate ( Table 2 ), indicating that the transcription of the pst operon is regulated and activated by extracellular nitrogen for U32 [27, 41, 42] . The activation of pst transcription by nitrate also indicated a close relationship between phosphate metabolism and nitrogen metabolism in U32.
GlnR is a global nitrogen regulator and governs genes related to nitrogen metabolism in U32 [41, 42] . Considering that pst is regulated by extracellular nitrogen at the transcription level, similar to the GlnR target genes, we speculated that the pst operon might also be a GlnR target in U32. Therefore, qPCR was employed to verify the transcription of the pst operon in glnR+ and glnR− strains. The first gene in the operon, pstS1, was analyzed and assumed to represent the transcription profile of the entire operon. The qPCR data clearly showed that pstS1 transcription lowers to a quarter in the glnR null mutant Rk compared with in the wild-type U32 under Bennet medium with 60 mM potassium nitrate; analyzed transcription data of pstS1 in U32 and glnR mutant strains (P = 0.0023) showed that their transcriptional differences are highly significant; and the transcription was largely recovered in the glnR complementation strain Rk+ (Fig. 4A) . These results indicate that the transcription of the pst operon is positively regulated by GlnR, either directly or indirectly.
pst1 operon is directly bound by GlnR
To determine if GlnR could directly bind with the promoter region of the pst1 operon, we used PCR to amplify the pst promoter region and produced recombinant His-tagged GlnR. As shown in Fig. 4B , the EMSA assay of His-tagged GlnR and pst promoter showed that the rate of movement was reduced as the GlnR concentration increased. Thus, the band shift demonstrated that GlnR could directly bind with the promoter of the pst1 operon, and the transcription of the pst1 operon was directly affected by GlnR. The gels using Coomassie brilliant blue stain for total protein as controls. Cells were collected at 24 and 48 h and ultrasonicated (Fig. 1A) . 
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Rifamycin SV production is affected by Pst1
To gain insight into the role of pstSCAB in rifamycin SV biosynthesis in A. mediterranei U32, rifamycin SV production was compared between ΔpstS1 and U32. The maximum amounts of rifamycin SV yield in liquid Bennet medium were 50.9 μg/ml at 108 h in U32, 33.87 μg/ml at 144 h in ΔpstS1, 4.09 μg/ml at 144 h in pstS1+ (Fig. 5A) . P-values between experimental data for U32 and ΔpstS1 are shown in Fig. 5A , respectively. The yield of rifamycin SV in U32 was greater than the maximum amounts produced in both ΔpstS1 and pstS1+, respectively. These results demonstrated that pstS1 gene played an important role in rifamycin SV production. Although pstS1 gene is complemented by pVK1.9SEr, which was a multicopy complement plasmid constructed from pULVK2A, in pstS1+ strain, the yield of rifamycin SV in the pstS1+ strain was much lower than that in ΔpstS1. The reason might be that the pstS1 gene is not complemented at its original correct gene position, or the complemented plasmid pVK1.9SEr is a multiple copy plasmid in pstS1+ strain. As previously reported, nitrate remarkably stimulates the rifamycin biosynthesis in A. mediterranei and this phenomenon is called the nitrate-stimulating effect, and this effect was not detected in the glnR mutation [28, 41, 45] . The titer of rifamycin SV was evaluated by the sizes of the inhibition zones on agar (Fig. 5B and Table 3 ). The assay results of rifamycin SV in U32 and ΔpstS1 were consistent with the nitrate-stimulating effect, while the results for pstS1+ were not; that is, when cultivated in medium containing 60 mM potassium nitrate, rifamycin SV production in pstS1+ was significantly lower than that in medium without potassium nitrate (Fig. 5B and Table 3 ), which indicated that the gene pstS1 was overexpressed in the pstS1+ strain, and the addition of nitrate decreased the yield of rifamycin SV. The results of the nitrate-stimulating effect assay in pstS1+ were opposite to those for U32 and ΔpstS1 (Fig. 5B and Table 3 ). Therefore, we concluded that the Pst system pstSCAB could affect the nitrate-stimulating effect to some extent.
Discussion
In this study, when pstS1 was mutated in U32, both the growth and mycelium morphology were changed on Bennet agar. The mycelium morphology changed from a filamentous shape in the wild-type strains to irregular swollen shape at the end of filamentous in the ΔpstS1 strain, and the phenotype was recovered in strain pstS1+. In this study, pstS1 mutant was found to trigger the genetic switch into morphogenesis [19] . The irregular mycelium might provide a greater surface area to promote the absorption of Pi in the mutants. A B Figure 5 . pst1 affects the yield of rifamycin SV and the nitrate-stimulating effect (A) Rifamycin SV production in liquid Bennet medium. Error bars (3.36-14.28 μg/ml) represent standard deviations from three independent assays. (B) pst1 affected the nitrate-stimulating effect in U32 strains. The titer of rifamycin SV was used bioassay inhibition zones in agar diffusion, and used Micrococcus luteus as the indicator microorganism. U, wild-type U32; P, ΔpstS1; S, pstS1+; B, Bennet medium; BK, Bennet medium cultured with 60 mM nitrate.
GlnR has been well characterized as a global regulator for nitrogen metabolism in actinomycetes, including S. coelicolor [46] , Streptomyces venezuelae [47] , Mycobocterium smegmatis [24, 48] , and A. mediterranei [41, 42, 49] . Many genes involved in nitrogen metabolism (e.g. glnA, gdhA, glnPQ, amtB, nirBD, urea, glnK, and glnD) are regulated by GlnR [24, [50] [51] [52] . Under nitrogen-rich conditions, GlnR could suppress the genes related to nitrogen assimilation and biomass growth in Bacillus subtilis and Corynebacterium glutamicum [23, 53] .
It has been found that GlnR also directly or indirectly participates in the regulation of antibiotics biosynthesis. As reported in the literature [27] , GlnR regulates different antibiotic biosynthetic processes through pathway-specific regulators in Streptomyces. In S. coelicolor M145 exposed to R2YE culture medium, the in-frame deletion of glnR results in markedly increased actinorhodin (ACT) production and reduced undecylprodigiosin (RED) biosynthesis [54] . However, knockout of the glnR gene was found to increase erythromycin production in the erythromycin-producing strain Saccharopolyspora erythraea [27] .
Under Pi-limited conditions, PhoP acts as a global regulator for phosphate metabolism and represses glnR along with the target of GlnR in actinomycetes [18, [55] [56] [57] . GlnR and other global regulators constitute a complex network that regulates the cellular balance among phosphate, nitrogen and carbon metabolisms. First of all, GlnR with a typical 'phosphorylation pocket' and was considered working with sensor histidine kinase for the chemical signals in the environments [48, 58] . This indicates that GlnR responds to nitrogen in the environment through phosphorylation/dephosphorylation [25, [58] [59] [60] .
Our research showed that GlnR directly bound to phosphate transport system Pst1 (pstSCAB) and regulated pstSCAB transcription in A. mediterranei U32. As Pi transport is the first step in phosphate metabolism, controlling the processes of Pst system transcription would regulate the process of phosphate metabolism. The findings of this study indicate that GlnR plays an important role in coordinating the nitrogen and phosphate metabolisms to obtain a balance between internal P and N ratio in U32. Thus, GlnR helps the bacteria to quickly adapt to changes in the environment.
As previously described, nitrate-rich conditions are beneficial for the production of rifamycin in U32 and ΔpstS1. However, in the pstS1+ strain the production of rifamycin was decreased, which implied that extra phosphate transport could weaken the nitrogen utilization system and further influenced the synthesis of rifamycin SV. These results suggested that the Pst system also plays an important role in rifamycin biosynthesis apart from phosphorus metabolism. Generally, these global regulators form a complex network that regulates the cellular carbon, nitrogen, and phosphate metabolisms in response to environmental fluctuations. It remains unclear whether other regulators also take part in regulation of pst in A. mediterranei U32, such as PhoR-PhoP [18, 20, 21, 26, 27] , and how GlnR and these regulators coordinately regulate the phosphate metabolism and antibiotics biosynthesis. These nutrient-sensing regulators might be significant to the induction of a general stress response, triggered initially by nutrient limitation, which finally affects antibiotic biosynthesis. More research about carbon/nitrogen/phosphate metabolism and their regulation mechanism would help us better understand the relationship between primary and secondary metabolism in A. mediterranei U32 and even in other actinomycetes.
The results of this study showed that the pst1 gene cluster played a major role in phosphate metabolism in the logarithmic phase of A. mediterranei. The genome of A. mediterranei U32 contains three copies of gene clusters pst, the pstSCAB cluster (pst1) is the primary functional pst cluster in U32 strain. In this study, when pstS1 was mutated in U32, both the growth and mycelium morphology were changed, and the level of total protein phosphorylation was reduced in vivo. Rifamycin SV production is affected by Pst1. The pstSCAB genes form an operon, the operon was directly or indirectly regulated by GlnR. GlnR could band the promoter of this operon and positive transcriptional regulation of the Pst system pstSCAB (pst1). GlnR and other global regulators form a complex network that regulates the cellular carbon, nitrogen and phosphate metabolisms to response the environment, and the pstSCAB gene cluster is also a part of this regulatory network.
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